Adiponectin is a fat tissue-derived adipokine with beneficial effects against diabetes, cardiovascular diseases, and cancer. Accordingly, adiponectin-mimetic molecules possess significant pharmacological potential. Oligomeric states of adiponectin appear to determine its biological activity. We identified a highly conserved, 13-residue segment (ADP-1) from adiponectin's collagen domain, which comprises GXXG motifs and has one asparagine and two histidine residues that assist in oligomeric protein assembly. We therefore hypothesized that ADP-1 promotes oligomeric assembly and thereby mediates potential metabolic effects. We observed here that ADP-1 is stable in human serum and oligomerizes in aqueous environments. We also found that ADP-1 activates AMP-activated protein kinase (AMPK) in an adaptor protein, phosphotyrosine interacting with PH domain and leucine zipper 1 (APPL1)-dependent pathway and stimulates glucose uptake in rat skeletal muscle cells (L6 myotubes). ADP-1-induced glucose transport coincided with ADP-1-induced biosynthesis of glucose transporter 4 and its translocation to the plasma membrane. ADP-1 induced an interaction between APPL1 and the small GTPase Rab5, resulting in AMPK phosphorylation, in turn leading to phosphorylation of p38 mitogen-activated protein kinase (MAPK), acetyl-CoA carboxylase, and peroxisome proliferator-activated receptor ␣. Similar to adiponectin, ADP-1 increased the expression of the adiponectin receptor 1 (AdipoR1) gene. Of note, ADP-1 decreased blood glucose levels and enhanced insulin production in pancreatic ␤ cells in db/db mice. Further, ADP-1 beneficially affected lipid metabolism by enhancing lipid globule formation in mouse 3T3-L1 adipocytes. To our knowledge, this is the first report on identification of a short peptide from adiponectin with positive effects on glucose or fatty acid metabolism.
Type 2 diabetes is caused either by the decline in the ability of ␤-pancreatic cells to produce insulin or the organism itself becoming resistant to insulin, which is termed as insulin resistance. As a result of not effectively responding to secreted insulin, cellular uptake of glucose decreases during type 2 diabetes. Several proteins, directly or indirectly, play important roles in combating various metabolic disorders, and adiponectin is one of them (1, 2) . Adiponectin, also known as Acrp30 (3), AdipoQ (4), GBP-28 (5) , and apM1 (6) , was originally cloned as an adipocyte-enriched protein, highly induced upon 3T3-L1 adipocyte differentiation (7, 8) . The human adiponectin gene encodes a 244-amino acid protein (247 amino acids for the mouse ortholog) of 30 kDa, which consists of a signal peptide, a variable region, a collagen-like domain at the N terminus, and a globular domain at the C terminus (7) .
Adiponectin is found in human serum at a concentration range of 2-20 g/ml (9) . However, circulating adiponectin level decreases in obese individuals, and a decrease in adiponectin level contributes to the development of diabetes and metabolic syndromes (8, 10, 11) .
In obese rhesus monkey models, plasma adiponectin level often decreases with the development of type 2 diabetes (12) . Replacement of adiponectin ameliorates high fat-induced insulin resistance and hypertriglyceridemia (13) . The thiazolidinedione class of anti-diabetic drugs seem to exert their therapeutic effects partly by increasing the secretion of adiponectin from adipocytes, suggesting an anti-diabetic activity of this protein (14) .
A proteolytic cleavage product of adiponectin, which structurally resembles globular adiponectin, increases fatty-acid oxidation in muscle, decreases plasma glucose, and causes weight loss in mice (15) . Globular adiponectin transgenic ob/ob mice showed partial amelioration of insulin resistance and diabetes (16) . Several studies have been carried out to understand the possible role of the globular domain of adiponectin in the metabolic activity of the protein (17, 18) . However, a 10-residue peptide mimetic, ADP-355, derived from the globular domain of adiponectin inhibited proliferation of adiponectin receptorpositive cancer cell lines (9) . Also, ADP-355 inhibited proliferation of chronic myeloid leukemia cells and differentiation of renal myofibroblasts and reduced thioacetamide-induced necroinflammation and liver fibrosis (19) . However, there is no report on the metabolic effect of any of the peptides/peptide mimetics derived from the globular domain of adiponectin. Interestingly, the full-length collagen domain peptide showed a positive effect on osteoblastic differentiation (20) . Because osteoblast differentiation and type 2 diabetes are closely associated with respect to biochemical pathways/molecular mechanisms (21) (22) (23) (24) , we hypothesized that it would be worthwhile to explore a peptide with metabolic effects of adiponectin from its collagen domain. Toward this end, we have identified a region corresponding to amino acid residues 42-54 from the collagen domain of adiponectin that possesses the amino acids and structural motif for oligomeric assembly. Our detailed characterization with in vitro studies in rat skeletal muscle cells (L6 myotubes), ex vivo studies in primary skeletal muscle cells of db/db mice, and in vivo experiments in db/db mice revealed a strong metabolic effect of this 13-residue collagen domainderived peptide.
Results

Identification of adiponectin fragments
The ability of adiponectin to oligomerize plays an essential role in its interaction with adiponectin receptor and in its metabolic effects (25, 26) . Hexameric adiponectin seems to interact with adiponectin receptor 1, whereas its higher oligomers interact with both adiponectin receptor 1 and 2 (8) . Therefore, we presumed that a small peptide with the ability to oligomerize could be an ideal candidate to interact with the adiponectin receptor and demonstrate its metabolic effects. Only limited work hitherto has been reported toward the biological activity of the peptides derived from the collagen domain of adiponectin (20) . However, the observed differentiation of osteoblasts in the presence of the collagen domain of adiponectin (20) prompted us to further explore the identification of a peptide from this domain with metabolic effects. We found a conserved ( Fig. 1A ) and unique sequence (amino acid region [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] in the collagen domain of adiponectin that possesses a couple of histidine residues and an asparagine residue ( Fig. 1B) that are known to contribute to the oligomeric structure of globular proteins (27) . In addition, this identified segment ( Fig. 1B ) contains four continuous and overlapping GXXG motifs that could assist in the oligomerization. Further, this segment contains three proline residues that frequently occur in biologically active peptides and are known to provide them proteolytic stability (28) . Thus, the peptide, ADP-1, comprising the amino acid region, residues 42-54 of the collagen domain (1B) of adiponectin, was synthesized, purified, and characterized structurally, functionally, and biologically with respect to its metabolic effects. The observed mass of ADP-1 from the MALDI-TOF experiment is close to its calculated mass, and its HPLC retention time by a C-18 column is shown in Fig. 1B .
ADP-1 showed oligomerization properties
To investigate its oligomeric nature, different amounts of ADP-1 (10, 20, and 30 g), dissolved in milli-Q water, were incubated with 0.2% glutaraldehyde (cross-linker) at 37°C for 30 min. Then each of these different amounts of ADP-1 were run in SDS-PAGE for resolving their sizes and also stained with Coomassie Blue for their visualization. A broad band appeared, which corresponded to ϳ7 kDa. Because the size of 13-residue ADP-1 is ϳ1.2 kDa, this peptide seems to oligomerize into a hexamer ( Fig. S1A ).
Structural properties of ADP-1
The FTIR spectrum of ADP-1 showed prominent peaks (low frequency) at around 1621.93 and 1659.60 cm Ϫ1 , respectively, corresponding to amide I region (1600 -1700 cm Ϫ1 ), which are indicative of parallel ␤-sheet (1615-1637 cm Ϫ1 ) and ␣-helical (1649 -1660 cm Ϫ1 ) structure, respectively ( Fig. S1B) (29) . Further secondary structure of ADP-1 was investigated in the presence of trifluoroethanol (40% (v/v)), PBS (pH 7.4), and SDS (1% (w/v)) ( Fig. S1C , i-iii) by CD studies. The CD spectra of ADP-1 indicated enhancement of its helical and ␤-sheet structures in SDS and trifluoroethanol as compared with that in PBS (Table S1 ).
Proteolytic stability
Proteolytic stability of ADP-1 was investigated in human serum at 37°C as described in the supporting information. Analyses by HPLC indicated that ϳ75% of ADP-1 remained intact after 60 min of incubation with human serum (Fig. 1C and Fig. S2 ). Thus, ADP-1 offered significant resistance against the proteolytic enzymes that are present in the human serum, which was remarkable for such a short peptide and exhibited its in vivo potential.
ADP-1 is nontoxic in nature
A hemolytic activity assay suggested that ADP-1 exhibited insignificant lysis of human red blood cells at up to 200 M peptide concentration ( Fig. S3A ). Dose-dependent determination of viability of 3T3 cells in the presence of ADP-1 by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay suggests that this peptide does not possess significant cytotoxicity toward these cells at up to 200 M concentration as evidenced by more than 90% viability of the cells (Fig. S3B ). Overall, the data suggested a significant noncytotoxic nature of the ADP-1.
ADP-1-enhanced glucose uptake in L6 myotubes
It was of interest to examine whether adiponectin-derived peptide, ADP-1, can induce glucose uptake in L6 myotubes. For this purpose, ADP-1 was incubated with these cells for varying incubation periods, and peptide-induced glucose uptake was determined for different incubation times. It was observed that at an incubation period of 3 h, ADP-1 exhibited the maximum glucose uptake in L6 myotubes ( Fig. 2A ). In this experiment, insulin was used as a positive control and incubated with L6 myotubes for 20 min at a concentration of 100 nM, which were reported as its optimum concentration and incubation period in a previous study (30, 31) . The data indicate that ADP-1 requires a longer incubation period to cause optimum glucose uptake in L6 myotubes compared with insulin. Then dose response of ADP-1-induced glucose uptake in L6 myotubes was determined by incubating different concentrations of the peptide with these cells for 3 h. It was observed that pretreatment of L6 myotubes with ADP-1 increased glucose uptake in these cells in a concentration-dependent manner, and ADP-1 enhanced optimum glucose uptake in these cells at a concen-tration of 14.3 g/ml (1.8-fold). Insulin enhanced a significant increase (ϳ2-fold) in glucose uptake at a concentration of 100 nM after an incubation of 20 min with L6 myotubes (Fig. 2B ).
Effect of ADP-1 on glucose uptake in TNF␣-treated L6 myotubes
Proinflammatory cytokine TNF␣ 2 is known to induce insulin resistance in the peripheral tissues, such as skeletal muscle cells and adipose tissues (32) . TNF␣ attenuates both GLUT-4 trans-location and glucose uptake in skeletal muscle cells (33) . Therefore, we investigated whether ADP-1 could break TNF␣-induced insulin resistance in L6 myotubes. For this purpose, L6 myotubes were treated with TNF␣ (10 ng/ml) and incubated for 24 h, followed by treatment with ADP-1 (14.3 g/ml) for 3 h. We observed that ADP-1 significantly induced glucose uptake in TNF␣-treated L6 myotubes, suggesting its ability to break the insulin resistance ( Fig. 2C ).
Effect of ADP-1 on glucose uptake in the presence of inhibitors
To investigate the molecular mechanism of ADP-1-induced glucose uptake in L6 myotubes, these cells were pretreated with different inhibitors corresponding to different molecular pathways like AKT-i (specific AKT1/2 inhibitor) and indinavir (specific GLUT-4 inhibitor), and then uptake of glucose in treated and untreated cells was measured. Uptake of glucose in these Figure 1 . A, sequence alignment of various vertebrate adiponectin using software Clustal Omega (version 1.2.4). The N-terminal region of adiponectin features a secretion signal peptide, a variable region followed by a collagen-like domain. ADP-1 peptide derived from the collagen-like domain of human adiponectin is underlined, and its sequence alignment is marked in red in various vertebrates (asterisks, colons, and periods indicate fully conserved, strongly similar, and weakly similar residues, respectively). B, sequence of peptide ADP-1 and its calculated and observed mass and HPLC retention time. Glycine residues of the GXXG motif are marked in red. C, the proteolytic stability of the peptide ADP-1 was evaluated by incubating it in fresh human serum (25%) for different time periods at 37°C. The amount of intact peptide was estimated by HPLC after removing the bulk of proteins by methanol precipitation. The values correspond to the in vitro half-life, which is defined as the time needed for 50% degradation of the peptide.
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cells was largely unaffected by inhibiting AKT, but a significant decline in glucose uptake was observed when the cells were pretreated with the GLUT-4 inhibitor indinavir ( Fig. 2D ).
ADP-1 induces glucose uptake by activating the AMPK-dependent pathway
To investigate whether the 13-residue peptide, ADP-1, could activate APPL1-dependent AMPK pathway-like adiponectin (34) , L6 myotubes were treated with ADP-1 for 3 h. Then the total proteins were isolated from these cells, and the expressions of different downstream markers of adiponectin signaling pathway were investigated. Metformin and nontreated cells were used as positive and negative controls, respectively ( Fig. 3) .
The results indicate that ADP-1 increased the expression of phosphorylated AMPK protein by 2.9-fold (p Ͻ 0.001), whereas metformin enhanced the same by 3.9-fold (p Ͻ 0.001) (Fig. 3A , i and ii). ADP-1-induced expression of APPL1 was increased by 3-fold (p Ͻ 0.01), and metformin increased the expression of the same by 4.1-fold (p Ͻ 0.01) ( Fig. 3B , i and ii). ADP-1 increased the total GLUT-4 protein synthesis by 1.9-fold (p Ͻ 0.01), whereas metformin increased its expression by 2-fold (p Ͻ 0.01) ( Fig. 3C , i and ii).
Further, ADP-1 increased the expression of phosphorylated ACC protein by 3.1-fold (p Ͻ 0.001), whereas metformin enhanced the same by 3.0-fold (p Ͻ 0.001) ( Fig. 3D , i and ii).
ADP-1-induced mRNA expression of Glut-4 gene
To obtain more insight into ADP-1-induced glucose transport, transcription of the Glut-4 gene was investigated in the presence of this peptide in L6 myotubes. To investigate the effect of ADP-1 on Glut-4 gene expression, L6 cells were seeded in 6-well plates, and after 4 -6 days, confluent cells were treated with ADP-1 (14.3 g/ml for 3 h), and as a positive control, cells were treated with metformin (20 M) for 12 h. Real-time PCR results suggested that the treatment with ADP-1 increased Glut-4 gene expression by 3.5-fold (p Ͻ 0.01 versus control basal) in L6 cells. Metformin also augmented the expression of the Glut-4 gene by 3.8-fold (p Ͻ 0.001 versus control basal) ( Fig. S4 ).
ADP-1 stimulates basal GLUT-4 translocation in L6 myotubes
To examine whether ADP-1-induced glucose transport was involved with GLUT-4 translocation, the translocation of GLUT-4 protein was studied in L6 myotubes in the presence of ADP-1. For this purpose, plasma and cytoplasmic fractions of proteins of L6 cells were separately run on SDS-PAGE and probed with GLUT-4 antibody. It is evident that ADP-1 treatment significantly enhanced the translocation of GLUT-4 protein to the plasma membrane ( Fig. 4A , i) of L6 myotubes as compared with that observed in the untreated cells (3-fold, p Ͻ 0.001 versus nontreated) ( Fig. 4A , i and ii), whereas positive control, insulin, caused an increase in GLUT-4 translocation by 4.1-fold (p Ͻ 0.001 versus nontreated) ( Fig. 4A , i and ii). However, analysis of the cytoplasmic proteins of the treated and untreated cells indicated that more GLUT-4 protein resides in the cytoplasm of untreated cells compared with ADP-1-and insulin-treated cells (Fig. 4A , iii and iv). Overall, the data suggested that ADP-1 augmented the translocation of GLUT-4 protein from the cytoplasm to the plasma membrane of L6 myotubes.
To further understand the basis of ADP-1-stimulated GLUT-4 translocation in L6 myotubes, expression of phosphorylated AS160 and TBC1D1 were measured ( Fig. 4B ). ADP-1 increased the expression of p-AS160 and p-TBC1D1 by 3.8-fold (p Ͻ 0.001 versus nontreated) ( Fig. 4B , i and ii) and 5.5-fold (p Ͻ 0.001 versus nontreated) ( Fig. 4B , iii and iv), respectively. Significant phosphorylation of AS160 and TBC1D1 suggested the direct involvement of these phosphorylated proteins in ADP-1-induced GLUT-4 translocation.
ADP-1 stimulates the interaction of APPL1 and Rab5 proteins in L6 myotubes
An association between Rab5 and APPL1 is a key event in adiponectin-induced glucose uptake in cells (35) . Therefore, we examined the effect of ADP-1 on the association of Rab5 with APPL1 in L6 myotubes. Lysate of L6 cells after treatment with ADP-1 and metformin was immunoprecipitated with APPL1 antibody and a nonspecific antibody (IgG isotype) at the same 
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concentration. The same immunoprecipitations were also carried out with the lysate of the cells that were not treated with either ADP-1 or metformin (basal control). The formed immune complexes were eluted as described under "Experimental procedures," resolved by SDS-PAGE, and then probed with both APPL1 and Rab5 (Fig. 5A, i) . When the lysate of L6 cells pretreated with ADP-1 was immunoprecipitated with APPL1 antibody, prominent bands of Rab5 and APPL1 were observed after probing with the respective antibody. However, no band of Rab5 was observed in the eluate of basal control cells after probing with this antibody (Fig. 5A, i) . The results indi-cated that ADP-1 induced the interaction between APPL1 and Rab5 ( Fig. 5A, i) . Metformin, employed as a positive control, also induced interaction between APPL1 and Rab5 ( Fig. 5A, i) . When cell lysates of these different samples (control cells without any treatment and ADP-1-treated and metformin-treated L6 cells) were immunoprecipitated with IgG isotype (employed as a nonspecific antibody) and the eluates were probed with Rab5 or APPL1 antibody, as expected, none of the samples showed any band of Rab5 or APPL1 ( Fig. 5A, i) . Total lysates of all three kinds of L6 cells as mentioned above (control nontreated, metformin-treated, and ADP-1-treated) were also run 
in SDS-PAGE and probed with both APPL1 and Rab5 antibodies ( Fig. 5A, i) .
Overall, the results indicated that Rab5 bands appeared in the anti-APPL1 immunoprecipitated lysates of the L6 myotubes, pretreated with ADP-1 or metformin as a result of specific interaction with APPL1 and Rab5.
ADP-1-induced expression of AdipoR1 gene in L6 myotubes
One of the most crucial events in adiponectin-induced glucose uptake in muscle cells is the interaction of adiponectin with its receptor. It has been mentioned that relatively lower aggregates (hexameric) of adiponectin interact with adiponectin receptor 1 (8) . Therefore, we examined whether ADP-1 altered expression of AdipoR1. For this purpose, L6 cells were seeded in 6-well plates, and after 4 -6 days, confluent cells were treated with ADP-1 for 3 h; as a positive control, cells were treated with metformin for 12 h. Real-time PCR results suggested that the treatment with ADP-1 significantly increased AdipoR1 gene expression in L6 cells compared with the nontreated negative control cells ( Fig. 5A, ii) . Metformin also augmented the expression of AdipoR1 (Fig. 5A, ii) .
Activation of AMPK leads to the phosphorylation of p38 MAPK and activation of peroxisome proliferator-activated receptor-␣ (PPAR-␣) in the nucleus
Adiponectin enhances the phosphorylation of AMPK, which further phosphorylates p38 MAPK (36) . Because ADP-1 activated the AMPK pathway, we investigated whether phosphorylation of p38 MAPK could occur in the presence of this peptide in L6 myotubes. As shown in Fig. 5B (i and ii) , ADP-1 also induced the phosphorylation of p38 MAPK. Interestingly, when the activity of AMPK was inhibited by incubating the L6 
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cells with compound C (dorsomorphin) for 6 h, the expression level of p-p38 MAPK was found to be reduced (Fig. 5B, i and ii) , indicating that the phosphorylation of p38 MAPK depends on AMPK activation. PPARs are involved in lipid homeostasis, diabetes, and cancer (37) . We observed that the treatment with ADP-1 increased the expression of PPAR-␣ inside the nucleus of L6 cells. When AMPK was inhibited by incubating the L6 cells with compound C (dorsomorphin) for 6 h, a decrease in the expression of PPAR-␣ was also observed (Fig. 5B, iii and iv) .
Thus, ADP-1-induced phosphorylation of AMPK played a crucial role in the activation of PPAR-␣ into the nucleus of these cells.
ADP-1 restores phosphorylation of p38 MAPK and AMPK in TNF␣-treated insulin-resistant cells
TNF␣ inhibits insulin signaling pathway by increasing Ser-307 phosphorylation of IRS-1, resulting in the enhancement of insulin resistance in L6 myotubes (32) . However, we observed 
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that this chronic effect of TNF␣ did not influence the ADP-1induced glucose uptake in L6 cells, as already described before (Fig. 2C) . Because ADP-1 induced phosphorylation of AMPK and p38 MAPK, it was of interest to examine whether these phosphorylation events occurred in TNF␣-treated, insulin-resistant L6 myotubes in the presence of ADP-1. For this purpose, L6 myotubes, pretreated with TNF␣ (10 ng/ml, 24 h) (38), were incubated with or without ADP-1 (14.3 g/ml) for 3 h. Nontreated cells were taken as basal control. Results of Western blot analysis indicated that ADP-1 could restore the phosphorylation of p38 MAPK and AMPK in TNF␣-treated insulin-resistant L6 myotubes (Fig. S5 ).
ADP-1-enhanced adipocyte differentiation and lipid accumulation
We further examined whether ADP-1 had any influence in fatty acid metabolism. Preadipocytes (3T3-L1) form lipid globules following the treatment with differentiating medium (MDI) by the process of adipogenesis. To examine whether ADP-1 can influence lipid globule formation, it was added to the cells with MDI during differentiation. The standard drug rosiglitazone was used as a positive control. Microscopic observation suggested that ADP-1 increased lipid droplet accumulation in the differentiated 3T3-L1 adipocytes (Fig. 6A) . The absorbance of extracted oil red stain, accumulated onto lipid droplets, confirmed that ADP-1 induced adipogenesis in these cells (**, p Ͻ 0.01 versus control) ( Fig. 6B) .
Ex vivo metabolic effect of ADP-1 on primary skeletal muscle cells
To investigate whether ADP-1 shows a similar metabolic effect on primary skeletal muscle cells (isolated from adult db/db mice) ( Fig. 7A ) as it has on L6 myotubes (in vitro), we performed Western blot analysis of the total proteins isolated from these cells pretreated with ADP-1 and metformin (positive control) and measured the effect of ADP-1 on the expressions of GLUT-4 and phospho-AMPK proteins (Fig. 7B ).
We found that ADP-1 significantly increased the expressions of GLUT-4 (p Ͻ 0.001 versus nontreated basal) ( Fig. 7B, i and ii) and p-AMPK proteins (p Ͻ 0.001 versus nontreated basal) ( Fig.  7B, iii and iv) . The results suggest that ADP-1 also shows ex vivo metabolic effect on primary skeletal muscle cells.
Treatment with ADP-1 peptide increases the level of insulin in blood serum of db/db mice
30 mg/kg ADP-1 was administered to db/db mice (n ϭ 4) on every alternate day for 20 days through intraperitoneal injection (IP). 50 mg/kg metformin was injected in the positive control mouse group through IP on every alternate day for 20 days. The third mouse group was of untreated mice. During administration of the peptide or drug, blood samples from each group of db/db mice were collected on the first, fifth, 10th, 15th, and 20th day. Serum was collected from each blood sample and stored at Ϫ20°C. Levels of insulin were examined in these samples using an insulin ELISA kit. We observed that the insulin levels in the serums of peptide-treated mice increased progressively, and on the 20th day, significant increases in these levels (***, p Ͻ 0.001 versus nontreated, n ϭ 4) were observed as compared with the nontreated mice. Metformin also increased the level of insulin significantly on the 20th day (␦␦␦, p Ͻ 0.001 versus nontreated) (Fig. 8A) . Fig. 8 (B and C) (data and graphical presentation) depicts an overall glucose-lowering effect of ADP-1 treatment at a 30-mg/kg dose on db/db mice after 30 days of the experiment compared with the nontreated mice. ADP-1 caused a significant decline in the hyperglycemia compared with the nontreated control group of db/db mice (Fig. 8, B and C) . Fig. 8 (B and C) shows the effect of ADP-1 on oral glucose tolerance in db/db mice after 30 days of ADP-1 treatment on every alternate day at a 30-mg/kg dose. The overnight-fasted db/db mice were subjected to an oral glucose tolerance test after a 3.0-g oral glucose load. The fasting baseline of blood glucose values at Ϫ30 min (30 min before glucose load) were found to be lowered significantly (␦␦, p Ͻ 0.01) in all of the treated mice as compared with the nontreated control group at the same time, suggesting an anti-hyperglycemic effect of the peptide (Fig. 8, B and C) . Metformin (50 mg/kg) also significantly reduced blood glucose level (***, p Ͻ 0.001) compared with the nontreated mouse group (Fig. 8, B and C) . After giving the glucose load (3.0 g), blood glucose levels were checked after every 30-min interval up to 120 min (Fig. 8, B and C) . After 120 min, we observed that the ADP-1-treated mouse group possessed significantly lower blood glucose levels as compared with the nontreated mouse group (␦␦, p Ͻ 0.01) (Fig. 8, B and C) . Metformin-treated mice also exhibited a significant decrease in the blood glucose levels (***, p Ͻ 0.001) (Fig. 8, B and C) . In terms of AUC (area under the curve) values, ADP-1 and metformin showed 25.5 and 32.57% blood glucose-lowering effect, respectively, in db/db mice with respect to the nontreated controls (Fig. 8B) . Experimental values are expressed as mean Ϯ S.D. (n ϭ 4). 
In vivo effect of ADP-1 on glucose tolerance in db/db mice
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Discussion
Despite promising therapeutic prospects of adiponectin, only limited knowledge has been gained of its structurefunction relationships. Also, the potential role of various segments of adiponectin contributing to the biological activities remains obscure. In the present investigation, we have identified and characterized a 13-residue peptide derived from the collagen domain of adiponectin, namely ADP-1, that showed versatile metabolic effects, including glucose uptake ( Fig. 2) and fatty acid oxidation (Fig. 3D) , in rat muscle cell L6 myotubes. Further, ADP-1 induced lipid droplet formation in adipocytes ( Fig. 6) , increased the insulin level of blood serum (Fig. 8A) , and augmented glucose tolerance (Fig. 8, B and C) in db/db mice. ADP-1 showed significant noncytotoxic nature ( Fig. S3 ) and stability in the presence of human serum (Fig. 1C and Fig. S2 ) and thus qualified for its use in animal experiments. The identified segment possesses significant amino acid sequence conservation among the selected vertebrate family members (Fig.  1A) . FTIR and CD studies indicated that ADP-1 adopted both ␣-helical and ␤-sheet secondary structures (Fig. S1, B and C) . Previous studies suggest that adiponectin circulates in multiple oligomeric forms of which hexameric and higher oligomeric forms (12-18-mer) are the active forms that interact with AdipoR1 and further stimulate downstream signaling events. Remarkably, ADP-1 adopted a hexameric form in an aqueous environment (Fig. S1A ). Adiponectin possesses a much higher molecular weight than the short peptide; therefore, it is hard to corroborate the interaction of oligomeric adiponectin and adiponectin receptor with that of the hexameric form of ADP-1 and the adiponectin receptor. Nevertheless, the data suggest the capability of only ϳ1.2-kDa ADP-1 to adopt the oligomeric state (Fig. S1A) , which could interact with the adiponectin receptor. Further, the real-time PCR studies revealed that like the anti-diabetic drug, metformin, ADP-1 stimulated the expression of the AdipoR1 gene (Fig. 5A, ii) . ADP-1 stimulated significant glucose uptake in L6 myotubes in a dose-dependent manner (Fig. 2B) . Pretreatment with inhibitors suggested that the inhibitor of GLUT-4 but not that of AKT significantly 
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inhibited ADP-1-induced glucose uptake in L6 myotubes, suggesting that AKT is not involved with this peptide-induced glucose uptake event (Fig. 2D) .
ADP-1 in L6 myotubes stimulated phosphorylation of AMPK, which was comparable with that of metformin (Fig. 3A,  i and ii) . Moreover, ADP-1 showed remarkable similarity with the whole protein, adiponectin, with respect to activation of oxidation of fatty acid, which was evident from the phosphorylation of ACC (acetyl-CoA carboxylase) (Fig. 3D, i and ii) . Adaptor protein APPL1 mediates most of the crucial events in the metabolic activity of adiponectin. Therefore, we investigated whether ADP-1 was capable of activating the adaptor protein APPL1. Results indicated that ADP-1 stimulated the expression of APPL1 in L6 myotubes (Fig. 3B, i and ii) . Biosynthesis and translocation of GLUT-4 protein into the plasma membrane of the concerned cells are crucial to the glucose uptake in these cells. Our results suggested that ADP-1 stimulated both mRNA (Fig. S4 ) and protein expression of GLUT-4 ( Fig. 3C, i and ii) . In addition, ADP-1 also caused translocation of GLUT-4 protein from the cytoplasm to the plasma membrane of L6 myotubes (Fig. 4A) . Thus, ADP-1-induced glucose uptake in L6 myotubes could be involved with both enhanced biosynthesis and translocation of GLUT-4 protein from the cytoplasm to the plasma membrane of these cells. Further, translocation of GLUT-4 to the plasma membrane of L6 cells was corroborated by ADP-1-induced phosphorylations of two related proteins, namely AS160 and TBC1D1 (Fig. 4B) .
The interaction between APPL1 and Rab5 is a crucial upstream event that occurs in adiponectin-induced metabolic pathways (39) . Both Rab5 and APPL1 bands were visible in APPL1 antibody-immunoprecipitated cell lysate eluates of L6 myotubes that were pretreated with ADP-1 (Fig. 5A, i) . However, the Rab5 band was not visible in the absence of ADP-1 treatment of these cells (Fig. 5A, i) . These observations indicate that ADP-1 induced specific interaction between the adaptor protein APPL1 and Rab5. The results may further imply that B, blood glucose profile during an oral glucose tolerance test in db/db mice after 30 days of treatment with peptide ADP-1 (30 mg/kg) and standard drug metformin (50 mg/kg). Shown is lowering of blood glucose in terms of AUC, with ADP-1 (30 mg/kg) significantly lower down the AUC (␦␦, p Ͻ 0.01 versus nontreated group). The standard drug metformin (50 mg/kg) lowered the AUC significantly (***, p Ͻ 0.001 versus nontreated group). Results shown are mean Ϯ S.D. with n ϭ 4. C, effect of peptide ADP-1 and standard drug metformin on blood glucose tolerance in db/db mice after 30 days of treatment. Shown is change in the blood glucose level at different time points. At 120 min, both ADP-1 (␦␦, p Ͻ 0.01 versus nontreated group) and standard drug metformin (***, p Ͻ 0.001 versus nontreated group) showed significantly decreased blood glucose level (mg/dl). Results shown are mean Ϯ S.D., n ϭ 4.
ADP-1 activates the adiponectin-mediated glucose uptake pathway by inducing the interaction between APPL1 and Rab5 (Fig. 5A, i) . Following the interactions between APPL1 and Rab5, phosphorylation of p38 MAPK occurs, which could be associated with increased glucose uptake in the cells (40) . Our data suggested that ADP-1 stimulated phosphorylation of p38 MAPK (Fig. 5B, i and ii) . Interestingly, inhibitor of AMPK (compound C) inhibited phosphorylation of p38 MAPK, suggesting that this event could be dependent on kinase activity of AMPK (Fig. 5B, i and ii) .
To understand the basis of glucose transport in TNF␣treated, insulin-resistant L6 myotubes, phosphorylations of p38 MAPK and AMPK were investigated. The results suggested that ADP-1 treatment of these insulin-resistant cells restored phosphorylations of both AMPK and p38 MAPK that were attenuated as a result of TNF␣ treatment (Fig. S5) . Overall, ADP-1 along with glucose transport in both regular and insulin-resistant L6 myotubes caused phosphorylation of AMPK and p38 MAPK in both of these cells. The data indicated a significant efficacy of ADP-1 in causing glucose transport in the insulin-resistant L6 myotubes and a possible interrelation among these phosphorylations and glucose transport events. The role of ADP-1 in fatty acid oxidation was further proven by the nuclear expression of PPAR-␣, which is a downstream signaling transcription factor of ACC (Fig. 5B, iii and iv) . Inhibitor of AMPK attenuated ADP-1-induced nuclear expression of PPAR-␣ in L6 myotubes (Fig. 5B, iii and iv) , suggesting that AMPK is a key protein in fatty acid oxidation caused by ADP-1. Further, ADP-1 induced lipid droplet formation in adipocytes, suggesting that, like adiponectin, ADP-1 facilitated both the catabolic (Figs. 3D and 5B (iii)) and anabolic metabolism of lipid ( Fig. 6 ).
After observing significant in vitro metabolic activity of ADP-1 in L6 myotubes, we examined the activity of the peptide toward the primary skeletal muscle cells isolated from the adult db/db mice. Our results showed significant expressions of GLUT-4 and AMPK proteins in these primary cells in the presence of ADP-1 compared with the nontreated cells, suggesting ex vivo metabolic activity of this peptide (Fig. 7) . Finally, in vivo activity of ADP-1 was investigated in db/db mice. Our results indicated that ADP-1 enhanced the secretion of insulin in db/db mice (Fig. 8A ), suggesting its insulin-sensitizing nature like that of its parent protein (7) . Considering the in vitro metabolic effect of ADP-1 in L6 myotubes and primary skeletal muscle cells from db/db mice, its low cytotoxicity, and appreciable stability in the presence of human serum, the in vivo efficacy of the peptide was examined in db/db mice in a glucose tolerance model. A 30-day treatment with ADP-1 at a dose of 30 mg/kg showed significant efficacy to attenuate the blood glucose level in db/db mice against oral engulfment of glucose (Fig.  8, B and C) , which further proved the in vivo anti-diabetic property of this peptide.
ADP-1 shows similarity with the well-known anti-diabetic drug metformin. For example, both of them induce signaling through the AMPK-dependent pathway (41) and activate PPARs through phosphorylation of p38 MAPK. ADP-1 also exhibits similarity with the thiazolidinedione drug rosiglita-zone in their adipogenesis properties by inducing the formation of lipid globules in 3T3-L1 cells (42) .
Overall, ADP-1 showed appreciable resemblance to its parent protein, adiponectin, which includes the stimulation of expression of AdipoR1; promotion of the interaction between APPL1 and Rab5; phosphorylations of AMPK, ACC, and p38 MAPK; enhancement of the expression of GLUT-4; and its translocation to the plasma membrane.
Insolubility of adiponectin is a major obstacle to its use as a therapeutic agent (9) despite its significant potential in diabetes and other metabolic disorders. No peptides nor their derivatives from the globular domain of adiponectin have been implicated in the anti-diabetic activity, and not many peptides have been characterized from the collagen domain of adiponectin to our knowledge. In this context, the 13-residue, water-soluble ADP-1, identified from the collagen domain of adiponectin, showed remarkable metabolic effects, as described here. Taking into account its in vitro, ex vivo, and in vivo activities, low cytotoxicity, and stability in the presence of human serum, ADP-1 possesses significant potential for anti-diabetic therapy, and the present study could assist in the design of peptides with beneficial metabolic effects.
Experimental procedures
Peptide synthesis and purification
The methodology has been described in the supporting information.
Cell culture
Rat skeletal muscle cells (L6)-The L6 cell line was obtained from the CSIR-Central Drug Research Institute, Lucknow cell line repository and cultured in high-glucose DMEM (Sigma) supplemented with 10% fetal bovine serum (FBS; Gibco), 10 mM HEPES (Invitrogen), and Anti-Anti 100 X (antibiotic-antimycotic, 15240, Invitrogen) in a 5% CO 2 and 37°C environment. For differentiation, L6 cells were transferred to DMEM with 2% FBS for 6 -8 days post-confluence (43, 44) .
Mouse adipocytes (3T3-L1)-3T3-L1 is a cell line derived from (mouse) 3T3 cells that is used in biological research on adipose tissue. 3T3-L1 cells have a fibroblast-like morphology, but under appropriate conditions, the cells differentiate into an adipocyte-like phenotype (45) (46) (47) (48) . 3T3-L1 preadipocytes (obtained from CSIR-Central Drug Research Institute, Lucknow cell line repository) were cultured in DMEM (Sigma) with 10% FBS and Anti-Anti 100 X (antibiotic-antimycotic, 15240, Invitrogen) in a 5% CO 2 and 37°C environment. 3T3-L1 preadipocytes were grown in 12-well plates until 2 days post-confluence, and the cells were induced by the differentiation medium (combination of 0.5 mmol/liter isobutylmethylxanthine, 0.25 mol/liter dexamethasone, and 1 mg/liter insulin in DMEM medium with 10% FBS) to differentiate into adipocytes (49) . Three days after induction, the differentiation medium was replaced with medium containing 1 mg/ml insulin alone. The medium was subsequently replaced again with fresh culture medium (DMEM with 10% FBS), and after 2 days, the extent of differentiation was measured by monitoring the formation of lipid globules in cells.
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Animals were procured from the animal colony of the Central Drug Research Institute, Lucknow, India. db/db mice of body weight 40 Ϯ 5 g and of age 5-6 weeks were procured and housed in the animal housing facility by maintaining the standard conditions of temperature, relative humidity, and a 12-h light/dark cycle. The animals had free access to diet and water unless stated otherwise. The study was approved by the CDRI Institutional Animal Ethical Committee (approval IAEC/2015/ 90), and all research work on animals was conducted in accordance with the guidelines of Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA).
Chemicals
2-Deoxyglucose, insulin, and metformin were purchased from Sigma-Aldrich, and 3 H-labeled 2-deoxyglucose was from Amersham Biosciences. All antibodies used were of rabbit origin, and the dilution factor was 1:1000: anti-glucose transporter GLUT-4 (catalogue no. ab654) and anti-PPAR␣ (catalogue no. ab8934) from Abcam; anti-APPL1 (catalogue no. ABC469) and anti-Rab5 (catalogue no. 552108) from Merk; anti-phospho-AMPK␣ (catalogue no. 2535S), anti-phospho-ACC (catalogue no. 11818S), anti-phospho-p38 MAPK (Thr-180/Tyr-182) (catalogue no. 9211S), anti-phospho-AS160 (catalogue no. 4288S), anti-phospho-TBC1D1 (catalogue no. 6929), and anti-␤-actin (catalogue no. 4970L) from Cell Signaling Technology; and anti-Pax7 (catalogue no. ARP32742) from Aviva Systems Biology. Inhibitors like AKT-i and indinavir Z95% (HPLC) and dorsomorphin (compound C) were purchased from Cayman Chemicals. The mouse insulin ELISA kit was purchased from ImmunoTag. TNF␣ lyophilized powder was obtained from MP Biomedical. Protein A-Sepharose beads and Protein G-Sepharose beads were purchased from Biovision.
Assay of hemolytic activity of the peptides
A hemolytic activity assay of the peptide against human red blood cells has been described in the supporting information.
Cell viability assay
Cytotoxicity of the peptide was examined by determining the viability of murine 3T3 in its presence by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay as described in the supporting information.
Measurement of [ 3 H]2-deoxyglucose uptake in L6 muscle cell lines
L6 myoblasts grown in a 24-well plate were subjected to glucose uptake. Briefly, L6 myotubes were incubated with different concentrations of the peptide and the standard drug for different time periods with the final 3 h in serum-deprived medium, and a subset of cells was stimulated with 100 nM insulin for 20 min. Glucose uptake was assessed for 5 min in HEPES-buffered saline (140 mM NaCl, 20 mM HEPES, 5 mM KCl, 2.5 mM MgSO 4 , 1 mM CaCl 2 (pH 7.4)) containing 10 M 2-deoxyglucose (0.5 Ci/ml [ 3 H]2-deoxyglucose) at room temperature. Subsequently, cells were rinsed with an ice-cold stop solution containing 0.9% NaCl and 20 mM D-glucose. To quantify the radio-activity incorporated, cells were lysed with 0.05 N NaOH, and lysates were counted with scintillation fluid in a ␤-counter (Beckman Coulter) (50, 51) .
Oligomerization of ADP-1 by Tris-Tricine SDS-gel electrophoresis
Different concentrations of peptide, ADP-1 (30, 20, and 10 g), dissolved in milli-Q water were incubated at 37°C for 30 min. After that, these peptide samples were treated with freshly prepared 0.2% glutaraldehyde solution (linker) at 37°C for 15 min. The reaction was stopped by adding one-third volume of 100 mM Tris (pH 8) (52) . Each reaction mixture was treated with PAGE loading buffer containing 1% SDS and 5% mercaptoethanol. These peptide mixtures were subjected to SDS-PAGE in 16.5% Tris-Tricine acrylamide gel (53) . Images of Coomassie Blue-stained gels were taken and analyzed with respect to peptide marker.
Western blot analysis
L6 myotubes grown in a 6-well plate were treated as indicated and lysed with the PBS containing 1% Nonidet P-40, 5 mM EDTA, phosphatase inhibitor (1 mM NaOV 3 and 1 mM NaF), and protease inhibitor mixture (1:1,000) (RIPA lysis buffer). Lysate was centrifuged at 10,000 rpm for 15 min at 4°C, and protein concentration was determined using BCA assay reagent. Lysates having equal protein concentrations were heated for 10 min at 70°C in Laemmli sample buffer supplemented with 10% ␤-mercaptoethanol. Proteins were resolved by 10% SDS-PAGE and transferred to nitrocellulose membranes. After blocking, the blots were incubated with the indicated antibodies followed by incubation with appropriate HRP-conjugated secondary antibodies. Immunoblots were developed with chemiluminescent reagent according to the manufacturer's instructions (GE Healthcare). Densitometric quantification of protein bands was performed using ImageJ software (National Institutes of Health).
Cytosolic and plasma membrane protein isolation
The control (nontreated), insulin-treated, and ADP-1treated L6 myotubes were lysed with lysis buffer (0.25 M sucrose, 10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride) and centrifuged at 800 ϫ g for 10 min to remove the nuclei and the unbroken cells. To pellet the crude plasma membrane, the supernatant was centrifuged at 14,000 ϫ g for 20 min. The supernatant was collected as the cytosolic fraction, and the crude plasma membrane pellets were resuspended in the above lysis buffer (54) .
Immunoprecipitation
L6 myotubes (pretreated with peptide) were lysed by adding 0.8 ml of cold lysis buffer (RIPA lysis buffer) containing protease inhibitor. The primary antibody (anti-APPL1 and nonspecific antibody (IgG isotype) of 1:100 dilution) was incubated with 60 l of the protein A bead slurry at 4°C for 4 h on a rocking platform. After centrifugation at 3,000 ϫ g for 2 min at 4°C, the supernatant was discarded, and then the cell lysate proteins (250 g) were added. The lysate/bead/antibody conjugate mixture was incubated at 4°C under rotary agitation over-
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night. After incubation, the conjugate mixture was washed with 0.8 ml of lysis buffer and 0.8 ml of washing buffer two times each. After the last wash, the beads were heated at 90°C for 10 min and loaded onto the gel for Western blot analysis.
RNA extraction and quantification for real-time PCR
L6 cells grown in 6-well plates were subjected to RNA isolation. Two days after cell fusion into myotubes, the cells were treated with different concentrations of peptide and incubated for the desired time. After incubation, total RNA was isolated from L6 myotubes using an RNA isolation kit (Nucleospin RNA, Macherey Nagel). Quantity was determined by A 260 and A 280 measurement. All samples had A 260 /A 280 ratios of 1.8 -2.1. Total RNA (2 g) was reverse-transcribed to synthesize cDNA using a high-capacity cDNA reverse transcription kit (Applied Biosystems). cDNA levels were quantified by real-time PCR with SYBR Green using the Agilent Stratagene Mx3005P PCR detection system.
The primer sequences used were as follows: AdipoR1 (rat), 5Ј-AGCACCGGCAGACAAGAG-3Ј (left primer) and 5Ј-GGT-GGGTACAACACCACTCA-3Ј (right primer); Glut-4 (rat), 5Ј-GACGGACACTCCATCTGTTG-3Ј (left primer) and 5Ј-GCCAACGATGGAGACATAGC-3Ј (right primer).
Adipogenesis assay (Oil Red O (ORO) staining method)
Differentiated 3T3-L1 (with or without peptide treatment) adipocytes were rinsed in PBS (pH 7.4). The adipocyte lipid globules were stained with ORO (0.36% in 60% isopropyl alcohol) for 30 min. Accumulated dye was extracted using 100% isopropyl alcohol, and absorbance was measured at 492 nm (55) .
CD analysis
ATR-FTIR
ATR-FTIR spectroscopy was carried out on a single-beam Nicolet iS5 FT-IR spectrometer with the following scan parameters: scan range, 4,000 to 500 cm Ϫ1 ; number of scans, 16; resolution, 4.0 cm Ϫ1 . The average of the peaks was observed. The run was carried out at 37°C.
Serum stability
The proteolytic stability of ADP-1 peptide in the presence of human serum has been described in the supporting information.
Ex vivo studies
Primary myoblast cells were isolated from adult db/db mice according to the protocol of Hindi et al. (56) . Immunostaining of primary myoblasts was also done with Pax7 antibody. After differentiating the primary myoblast cells in a 6-well cultured plate as per the above-mentioned protocol, treatment with ADP-1 (14.3 g/ml for 3 h) was given, and metformin (20 M for 12 h) was used as a positive control. After the treatment, cells were lysed by adding 0.8 ml of cold lysis buffer (RIPA lysis buffer) containing protease inhibitor, and total protein concentration of the cell lysate of each sample was quantified using the Bradford method. To investigate the metabolic effect of ADP-1 on primary myoblast cells of db/db mice (ex vivo), we performed Western blot analysis of each sample.
Biochemical analysis
During treatment (days 1, 5, 10, 15, and 20), blood samples were collected from the retro-orbital plexus, allowed to clot at 4°C, and centrifuged for 20 min at 3000 rpm at 4°C. The serum was separated and frozen at Ϫ20°C until assayed for measuring insulin. The level of insulin was determined by an ELISA kit (immunotag, G-Biosciences).
In vivo studies
db/db mice were selected for this study and were randomly divided into three groups of four mice in each group. Group 1 served as diabetic control and was given vehicle, whereas the other experimental groups were administered (intraperitoneally) with peptide (ADP-1). The fasting blood glucose levels were measured after animals were fasted for 4 h (starting from 9:00 a.m.) on day 0 (before treatment); days 5, 10, 15, 20, and 25 (during treatment); and day 30 (last day of treatment). Blood glucose levels were measured by a glucometer (ACCU-CHEK II, Roche Diagnostics) as per the manufacturer's instructions. Peptide treatment was started from day 1. Peptide solution was prepared in water and was given through the IP route at the desired dose (30 mg/kg body weight). All of the animals were dosed on alternate days with the test peptide at a fixed time from day 1 to day 30. Animals of the positive control group were given metformin (50 mg/kg body weight). Blood glucose was measured by a glucometer using a glucostrip (Roche Applied Science).
Statistical analysis
For statistical evaluation, data were analyzed using Prism version 5 (GraphPad Software). Quantitative data are presented as the mean Ϯ S.D.
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